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Ichthyosis vulgaris is an epidermal disorder in which profi-
lag grin expression is decreased or absent. To determine 
whether the ichthyosis vulgaris phenotype could be mim-
icked by eliminating profilaggrin expression, a rat epidermal 
cell line was transfected with a plasmid that directs the con-
stitutive expression of an RNA that is antisense to normal 
profilaggrin mRNA. Non-transfected and neomycin-resist-
ant cells not containing antisense plasmid that were grown in 
the neomycin analogue G418 served as controls. Immunob-
lot and immunofluorescence analysis showed that profilag-
grin protein expression and processing to filaggrin were de-
layed by 3 to 4 d and decreased in transfected cells. 
Profilaggrin mRNA was detected in both control and trans-
fected cells only after the cells reached confluence, whereas 
antisense RNA was detected in transfectants at all times, even 
prior to confluence. Ultrastructural examination revealed 
that keratohyalin granules were decreased in number, globu-
F ilaggrin is the histidine-rich, basic protein of mammalian epidermis that is synthesized in the granular cell layer as a high - molecular-weight precursor protein, profilaggrin, and stored in keratohyalin granules (for review, see [1 D. Profilaggrin is highly phosphorylated and possesses a re-
petitive structure consisting of a tandem array of filaggrin domains 
alternating with short linker peptides [2- 7]. During terminal dif-
ferentiation of the epidermis profilaggrin is dephosphorylated and 
the linker peptides are removed by site-specific proteolysis to yield 
active filaggrin units [2,8]. At least two functions have been assigned 
to filaggrin. 1) It aggregates keratin filaments in the lower stratum 
corneum into tightly aligned bundles. This activity is thought to 
fac ili tate the formation of interfilament disulfide bonds [9 -11]. 2) 
In the upper stratum corneum, filaggrin is specifically proteolyzed 
to free amino acids, which may aid in water retention (12]. Clearly, 
filaggrin biogenesis is a complicated process requiring coordinate 
expression of activities for dephosphorylation and proteolysis and is 
intimately associated with epidermal maturation. Profilaggrin is 
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lar, and heterogeneous in appearance in transfected cells in-
contrast to angular structures seen in control cells. Unex-
pectedly, stratification was impaired, intermediate filaments 
were noticeably reduced, and cornified cell envelope forma-
tion was delayed in transfectants. Unlike ichthyosis vulgaris 
keratinocytes, where keratin expression is unaffected, ap-
pearance ofKl and K10 was delayed and Kl/K10 synthesis 
was delayed and decreased in transfected cells. The precipi-
tous drop in 35S-methionine incorporation into cytoskeletal 
protein seen at confluence in control cells was delayed by 3 d 
in transfected cells. We conclude that, rather than producing 
the ichthyosis vulgaris phenotype, antisense profilaggrin 
RNA has more broad-reaching effects on in vitro differentia-
tion of rat epidermal keratinocytes. Key words: Antisense 
RNA, filaggrin, profilaggrin, differentiation, epidermis, 
keratins, keratinocytes. ] Invest Dermatol1 01 : 118 -126, 1993 
expressed late in fetal epidermal development [13] and only in the 
upper layers of the epidermis [14,15]. Thus profilaggrin expression 
is a marker for epidermal differentiation [16,17]. 
A number of disorders of keratinization and epidermal differen-
tiation exhibit abnormal profilaggrin synthesis. For example, ich-
thyosis vulgaris is a scaling disorder in which profilaggrin is vir-
tually absent in epidermis from affected individuals, whereas 
expression of keratins remains unaffected [18]. Keratinocytes cul-
tured from the epidermis of subjects with ichthyosis vulgaris express 
little or no profilaggrin protein, keratohyalin granules are ultra-
structurally abnormal [19] , and profilaggrin mRNA is barely de-
tectable, but keratin expression is unaffected [19,20] . It is not yet 
known if the altered profilaggrin expression is a primary or second-
ary defect in ichthyosis vulgaris. 
To investigate the role of profilaggrin in normal epidermal dif-
ferentiation and in ichthyosis vulgaris, we have introduced a plas-
mid that directs the synthesis of an antisense profilaggrin RNA into 
a rat keratinocyte cell line that normally synthesizes and processes 
profilaggrin [21]. Antisense RNA in some situations inhibits spe-
cific gene expression in vivo [22,23] . Here we show that stable trans-
fectants carrying the antisense plasmid have a diminished capacity 
to synthesize profilaggrin and do so at a delayed time in comparison 
to control transfectants, which lack the antisense plasmid. In addi-
tion, changes in keratinocyte ultrastructure and keratin expression 
were observed, suggesting that the effects of antisense profilaggrin 
RNA on rat epidermal keratinocytes extend beyond profilaggrin 
expression to involve differentiation more globally. 
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Figure 1. Antisense plasmid structurc. T he 2314-bp rat profilaggrin cD N A 
was inserted into MT-N EO after converting thc single Eco RI sitc in thc 
cDNA to a Hind III site by linker tailing. The antisense transcription unit is 
expected to yield a 3.5-kb RNA complcmentary across the entire length of 
the normal 27-kb profilaggrinmRNA [24]. P, Pst I site; HIll, Hind III site; 
ERI, Eco RI site; MT with the arrow indicates the position of the mouse 
metallothionein I promotcr. The rat profiJaggrin cDNA is indicatcd with 
the heavy arrow. The size of fragments is indicated in base pairs. 
MATERIALS AND METHODS 
Construction of tbe Antisense Plasmid The plasmid MT -Nco (a gen-
erous gift from R. Palmiter) consists of pBR322 into which thc mouse 
metallothionein (MT) promoter was cloned, preceding the gene for neomy-
cin (Nco) resistance. This was followed by the SV40 small intron and poly 
A + addition site. The Nco' gene was excised by digestion of MT -Nco with 
Hind III followed by dephosphorylation of the vector with bacterial alkaline 
phosphatase (Sec Fig 1). The complete 2314-bp insert of the rat filaggrin 
cDNA, R4D6, contains two partial filaggrin domains and the A-T - rich 3' 
non-coding region of profilaggrin mRNA [5,24]. The filaggrin insert was 
converted to a Hind III fragment by linker tailing [25] and was ligated into 
the dephosphorylated MT-N eo vector, which had been cut w ith Hind III . 
The plasmid containing the 2.3-kb filaggrin insert is - 7.9 kb and the anti-
sense transcript produccd ill situ is expected to be about 3.5 kb in length . It 
should have the abi li ty to hybridize over the entire length of profilaggrin 
mRNA because profilaggrin mRNA is highly repetitive and the cDNA has 
been shown to hybridize up to molar ratios of20: 1 to the profilaggrin gene 
o n Southern and N orthern blots [24]. Ampicillin-resistant clones were se-
lected and the orientation of the insert was determined relative to the single 
Sal I site within the cDNA (not shown). The resulti ng antisense plasmid is 
referred to as pFg.AS. Plasmid DNA was prepared by standard methods. 
Cell Culture The newborn rat epidermal keratinocyte cell line of Baden 
and Kubilus [26] was used in all experiments. Cells used between passages 25 
and 40 (control and transfected) wcre fed biweekly with Dulbccco's modi-
fied Eaglc's mcdium (DMEM) (low glucosc, GIBCO Labs) containing 10% 
fetal calf scrum, O.4lLg/ml hydrocortisonc, 100 U pcnicillin/ml, and 100 ILg 
streptomycin/ml. Cells werc seed cd on culture-grade Petri dishcs at 1.4 X 
10l /cm2 and were cultured at 36.7°C in a humidified atmosphere contain-
ing 5% CO2 . Keratinocytcs were passaged before conflucnce weekly using 
0.05% trypsin/0.02% eth ylenediaminetetraacetic acid (EDTA) (GIBCO). 
Transfection and Cloning of Cell Lines Subconfluent rat keratino-
cytes were transfected using a standard calcium phosphate precipitate [27] 
w ith the exception that thc conccntration of N a2HPO. in thc 2 X Hcpes 
buffered saline was reduccd to 1.1 mM. DNA was prepared using as: 1 
wcight ratio of antiscnsc plasmid to pKO-Neo, a plasmid that contains the 
Nco' gene driven by the SV40 early promoter, and that would confer consti-
tutive G418 res istance. C ulturcd rat keratinocytcs not containing thc N co' 
gene were found to be effectively killed with G418 at concentrations of 50 
J.Lg/ml or greater. Initial experiments in which transfections were carried out 
with increasing amounts of PKO-Neo DNA indicated that at 50 - 75% 
confluence the cultures were saturated at about 0.25 ILg of pKO-Neo per 
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dish. Each 60-mm dish received about 0.251lg of pKO-Neo and 1.251lg of 
pFg.AS. After 4 h, excess precipitate was removed, followed by a 15% glyc-
erol shock for 30 seconds. Cells were then refed and maintained for 24 h 
without seleccion. G4 l 8 was then added to 50 Ilg/ml. In early cxperiments 
some transfectants were obtained at levels as high as 200 ILg G418/dish. 
I~1dividual G418-resistant colonies were trypsinized with the use of cloning 
rings, seeded lI1 to 24-well places, and grown to numbers sufficient for 
analys is. 
DNA and RNA Methods Genomic DNA was prepared from nuclei of 
cultured cel ls. Confluent cultures were rinsed and scraped into lysis buffer 
(10 mM Tris pH 7.5, 50 111M EDTA, 100 mM N aCI, 0.5% Triton X-l00) 
and homoge11lzed. Nuclei were pelleted and washed twice. D NA was liber-
ated by addition of sodium dodecylsulfate and proteinase K followed by 
incubation at 50°C overnight. The resultant suspcnsion was gently ex-
tracted three times with water-saturated phenol/ch loroform. Residual 
phenol was removed by extensive dia lysis against TE (10 mM Tris-CI pH 
7.5 ,1 mM EDTA). 
RNA extraction from cells and blotting techniques were performed as 
prcviously described [5]. To assure transfer of equal amounts of RNA, blots 
were examined for blocking by transfe red RNA of the fluo rescence pro-
duced in the Gene Screen Plus (New England Nuclear; Boston, MA) by 
short-wavelength UV light. 
The plasmid pGEMt.1200 (14] contains the central 1200 bp Pst I frag-
ment from R4D6 cloned into pGEMl. This plasmid was cut w ith Sal I, 
w hich cuts once within the 1200 pb Pst I fragment and within the poly-
hnker of pGEMl. The plasmid was religated to eliminate 761 bp of se-
quence, leaving a 457-bp fragment (pGEM 1.1200.1S). Single-stranded 
RNA probes were then generated using T7 or SP6 RNA polymerase by 
standard methods. 
Protein Analysis C ulture dishes were rinsed with Hepes buffered sa line 
[28] and cells were scraped into urea/tris extraction buffer (8 M urea, 50 mM 
Tris pH 7.6, 100 mM dithiothreito l, 0.13 M 2-mercaptoethanol, 100 Ilg/ 
ml phenylmethylsulfonylfluoride, 100 ILg/ml aprotinin [Boehri nger Mann-
heim, Indianapolis, IN]) . Equal protein load ings [29] of extracts from cul-
tured cells were separated by electrophoresis in discontinuous slab 
polyacrylamide ge ls [30] with 3% stacking gels and acrylamide gradients of 
7.5 - 15% for profilaggrin and fil aggrin studies and 4 - 15% for keratin stud-
ies. Proteins were transferred onto nitrocellulose paper e1ectrophoretically 
and visualized by the peroxidase-anti peroxidase method [31 ]. T he presence 
of profilaggrin and fil aggrin was detected by immunoblotting w ith a wel l 
characterized polyclonal antibody to rat fila ggrin [5] that stains proli laggrin, 
filaggrin , and processing intermcdiates, or using monoclonal an tibodies 
AEl, AE2, and AE3 [32,33] (a generous gift ofT.-T. Sun, NYU) against the 
keratins. Developer for the blots contained 30 mg 4-Chloro-l -naphthol 
(Sigma, St. Louis, MO) in 10 ml methanol with 25 ml 30% hydrogen 
peroxide, and 50 ml phosphate-buffered saline [34]. 
Morphology and ImmunoIocalization of Profilaggrin in Cultured 
Cells Cell cultures were prepared for e1cctron microscopy as previously 
descnbed [35] and exam1l1ed With a Phdlps 420 S(T) electron microscope in 
the t~ansmlsslon mode. Cell.s were lI1cubated With polyclonal antirat profi-
lag~nn antlsemm and bll1dmg detected With fluorescein-conjugated goat 
antlrabblt antiserum as preVIOusly descnbed [36]. Covers lips were mounted 
and the cells observed and photographed on a Zeiss standard microscope 
equipped for epifluorescence. 
lSS-Methionine Labeling of C ytoskeIetal Proteins To assess synthesis 
ofKl and Kl 0 relative to all cytoskcletal protein, cultured cells were labeled 
in low-methionine mcdiu.m (10% DMEM/90% methionine-free DMEM) 
contall1ll1g 10% fetal bovll1e serum and 50 IlCi 35S-methionine (New En-
glaJ1~ Nuclear, Boston, MA) (>800 Cijmmole) for 1 h . The I-h pulse 
labelll1gs were done at l -3-d intervals spanning che period when cultures 
reached confluence (see Results, first paragraph) . After wash ing with cold 
Hepes buffered salll1e, cultures were ex tracted in cold 1.5 M KCI, 10 mM 
NaCI , 2 mM dithiothreitol, 0.5% Triton X-100, 10 mM Tris pH 8.0, 
0.5 mM phenylmethylsulfonylfluoride (high salt buffer) [37]. Cytoskeletal 
clements were solubilized from the 16,800 g pel let of che high-sa lt extract in 
urea-tris. Cytoskeletal proteins were separated by SDS-PAGE and blotted 
onto nitrocellulose. Dried blots were applied to x-ray film for visualization 
of labeled proteins. After radioautography blots were wetted and proteins 
visualized with appropriate antibodies. 
RESULTS 
Selection of G418 Resistant Clones The rat keratinocyte cell 
line used in this stud y has been described previously. These cells 
have a doubling time of 16 h. These cells do not require a feeder 
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Figure 2. Profi laggrin gene and antisense plasmid in transfectant cell lines 
by Southern analysis. Twenty micrograms of DNA isolated from a variety of 
G418-resistant cclilines was digested with Hind III, run on a 0.7% agarose 
gel, and blotted to Gene Screen Plus. The blot was hybridized with a rat 
profilaggrin-specific cDNA probe. Uptake of the antisense plasmid by 
transfected cells was determined by the presence of a 2.3-kb Hind III frag-
ment. The endogenous gene in all of these samples is not disrupted. The 
minor bands migrating beneath the endogenous gene probably represent 
chromosomal integration of the 2.3-kb fragment. In separate experiments, 
cell line 4.9 was estimated to contain about 40 copies/cell of the 2.3-kb band. 
Copy number for other cell lines (- 1-2 for 5.11, - 15 for 50.1) is relative to 
this number. Numbers above the figure designate cell line. The lane labeled 
AS contains the 2.3-kb filaggrin fragment. 
layer for culture and can be passaged multiple times, making them a 
suitable system for transfection studies. Upon reaching confluence, 
the cells stratify and express normal markers of keratinocyte differ-
entiation, including keratins Kl and KI0 and profilaggrin [21,26]; 
appearance of these markers occurs coincident with stratification 
and indicates the development of normal suprabasal cell types. 
Therefore, profilaggrin expression was investigated over time in 
culture relative to the time of confluence. In all experiments, con-
fluence was judged by phase microscopy. The day of confluence was 
scored when the keratinocyte layer uniformly covered the dish and 
all of the culture dish bottom was obscured by cells. 
A collection of stably transfected cell lines, each resistant to the 
neomycin analogue G418, was isolated by the methods described 
above. DNA was prepared, digested with Hind III, and probed with 
the rat profilaggrin eDNA clone. In most stable transfectants the 
presence of the transfected antisense plasmid was easily detected, as 
the endogenous profilaggrin gene lacks Hind III sites and migrates 
as a single band of 27 kb, whereas the antisense insert (2.3 kb) is 
liberated as a smaller fragment from the intact plasmid (Fig 2) . 
Different cell lines carried from 2 to approximately 40 copies of the 
antisense plasmid (Fig 2) . 
Transfectant ccliline 4.9 was used for detailed analysis to deter-
mine the effects of antisense profilaggrin RNA on keratinocyte 
growth and differentiation because it contained the highest copy 
number of antisense profilaggrin plasmid. Similar effects on profi-
laggrin expression were observed in transfectants containing as few 
as one to two copies of antisense profilaggrin plasmid (cell line 5.11, 
Fig 2). In general, transfectant cultures reached confluence at the 
same time as control cells, however, cell line 4.9 reached confluence 
12-24 h prior to control cclilines. This was a consistent observa-
tion for which the reason is unclear. A few cell lines were cloned 
that were G418 resistant but did not take up the antisense plasmid; 
one of these (cell line 200.3) was grown in G418-containing me-
dium and used as a control. 
Recombination of the transfected antisense plasmid with the en-
dogenous gene was never detected. Such a recombinational event 
would readily be apparent by the introduction of a Hind III site into 
the gene. To confirm these observations, several transfectant DNAs 
were cut with other enzymes that cut within the coding region of 
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the gene. Southern blots confirmed that the endogenous gene re-
mained intact in the transfected cell lines (data not shown) . 
Pro61aggrin Protein Expression in Transfectant Cell Lines 
Profilaggrin protein levels were studied by immunoblotting (Fig 3). 
Profilaggrin protein was readily detected at 2 days (d) post-con-
fluence. In contrast, in the transfected cell line 4.9 profilaggrin 
protein was not detected in significant amounts until 5 d post-con-
fluence. The level of profilaggrin protein was diminished and less 
processing could be detected. Inhibition of profilaggrin protein ex-
pression was apparent in cell lines with varying numbers of anti-
sense inserts, and correlated solely with the presence of the antisense 
plasmid (data not shown). These results further emphasize that the 
endogenous gene has not been disrupted by the transfection proce-
dure. Control cultures transfected with pKO- Neo and grown in 
G418 expressed profilaggrin normally. 
To demonstrate the effect of the antisense transcript on profilag-
grin, control and transfected keratinocytes were examined by im-
munofluorescence using a polyclonal antibody to rat filaggrin. Im-
munoreactive granules were seen in control cells at 2 dafter 
confluence and persisted through 7 d post-confluence (Fig 4). In 
transfectant 4.9 cells immunoreactive granules were not detectable 
until 7 d after cells reached confluence; even at this time the gran-
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Figure J. Profilaggrin protein expression is disrupted in ccl i line 4.9. Cul-
tures of cell line 4.9 and a non-transfected cell line were sampled at succes-
sive days from 2 d before confluence (-2) to 10 d after confluence (10). 
Protein extracts were prepared from each time point, and equal amounts of 
protein were run on 7 -15% gradient sodium dodecylsulfate-poly-
acrylamide gel electrophoresis gels, blotted to nitrocellulose, and reacted 
with a polyclonal antibody to rat filaggrin. KI can be detected on the stained 
gel of control cell extracts by 1 d after confluence (see Figs 8 and 9). The 
stained gels verifY equal protein loadings. The blot shows high - molecular-
weight profilaggrin (ProFG), processing intermediates (I), and filaggrin 
(FG). In cell line 4.9, profilaggrin expression was delayed and diminished 
relative to the control cell line. In separate experiments, results indicated that 
neomycin-resistant cell lines not containing antisense DNA grown in G418 
were directly comparable to non-transfected cells (not shown); the figure is 
representative of several such experiments. 
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Figure 4. Immunofluorescence analysis of profilaggrin expression in cell 
line 4.9 confirms the Western analysis. Control and transfected cell line 4.9 
were fixed and stained with polyclonal anti-rat profilaggrin antibody 7 d 
after confluence. Top figl/res, inverted phase photomicrographs; bottom, im-
munofluorescence. Bars, 50 lim . . 
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Figure 5. Profilaggrin mRNA expression is unchanged in cell line 4.9. 
Cultures of cell line 4.9 and a non-transfected cell line were sampled at 
successive days from 2 d before confluence (- 2) to 7 d after confluence (7). 
RNAs were prepared from each time point. Twenty micrograms total RNA 
was denatured with glyoxal and run in each lane of a 0.7% agarose gel and 
blotted onto Gene Screen Plus. Equal transfer of RNA in each lane was 
verified (Materials alld Met/lOds) . The blots were probed with a rat profilag-
grin-specific cDNA probe, an actin probe, and a G3PDH probe. The profi-
laggrin probe demonstrates the presence of the high molecular weight 
profilaggrin mRNA (ProFG), which appeared after the ce lls reached con-
fluence. In cell line 4.9, a similar band was obtained. Cell line 4.9 also carried 
the 3.5-kb antisense mRNA (AS) , which was constitutively expressed. The 
amount of hybridizing actin and G3PDH mRNA decreased abruptly at the 
time of confluence in control cells, and 1 d after confluence in transfectant 
cell line 4.9. The lac~ of hybridization signal above 28S in lalle Cofthe 4.9 
extracts reflects labi lity of the high - molecular-weight profilaggrin mRNA 
(confirmed in repeat experiments). 
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Figure 6. Cell line 4.9 produces an antisense message. RNA was prepared 
from subconfluent (-1 d) and confluent (+ 5 days) cOlltrol and transfected 
cell lines. Total RNA (10 lig) was denatured with glyoxal, run on a 0.7% 
agarose gel, and transferred to Gene Screen Plus. Strand-specific probes were 
prepared from a rat profilaggrin eDNA subcloned in pGEMl. RNA tran-
scripts were prepared from the T7 promoter (noncoding or antisense strand 
probe, which would be expected to hybridize with normal mRNA) or the 
SP6 promoter (coding or sense strand probe, which would be expected to 
hybridize with antisense RNA) . The noncoding strand probe demonstrated 
profilaggrin mRNA (ProFG) in confluent control and transfected cells. On 
this gel, profilaggrin mRNA runs at - 27 kb. The noncoding strand probe 
also cross-hybridized strongly with the 28s and 18s ribosomal RNAs from all 
(control and transfected, subcon.f1uent and confluenr) cells; hybridization of 
the single-stranded riboprobe to ribosomal RNA is likely due to nonspecific 
RNA-RNA binding [38]. The coding strand probe showed antisense RNA 
in transfectants olLly, but in both subconfluent and confluent cells. The weak 
signal seen using single-strand coding probe compared with that seen using 
the single-strand noncoding probe and the double-strand eDNA probe (Fig 
5) refl ects differences in labeling efficiency. Based on the positions of the 
rRNAs, the antisense message present only in the transfected cell line is 
about 3.5 kb in size, consistent with the predicted size based on the plasmid 
construct. 
ules w ere decreased in size and number when compared to control 
cells. 
Pro6.1aggrin mRNA and Antisense RNA Expression in Cell 
Line 4.9 RNA was isolated from cells at various stages of growth 
and analyzed using a double-stranded rat profilaggrin-specific 
cDNA probe. Expression of profilaggrin RNA closely paralleled 
protei n expression in control cultures. However, in contrast to pro-
filaggrin protein expression and in contrast to observations on kera-
tinocytes cultured from subjects with ichthyosis vulgaris, profilag-
grin mRNA appearance in transfectants was identical to that seen in 
control cells. As shown in Figure 5, prior to confluence virtually no 
27-kb profilaggrin mRNA could be detected in either control or 
transfected cultures. Both control and transfected cultures expressed 
profilaggriJ1111RNA at hig h levels 1 d post-confluence. The simul-
taneous appearance of profilaggrin mRNA 1 d post-confluence in 
control and transfected cells confirmed the phase microscopic ob-
servations of confluence. 
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Figure 7. Ultrastructural ana lysis of celllille 4.9 reveals a more global defect in differentiation. Colonies from control (A) and transfected cell line 4.9 (B) 
were examined by li ght microscopy 2 d before confluence. The cells were not stratified. No differences were seen between control and transfectants in 
subconfluent cells by light (A, B) or electron microscopy (data not shown). In contrast, electron microscopy 2 d after confluence revealed obvious differences 
between control (C) and transfected cells (D, E). Confluent control cells were well stratified, cornified cell envelopes were present in the upper two layers 
(arrows), and numerous, large, well-formed keratohyalin granules (k) were observed. Abundant, densely packed bundles of intermediate fi laments (arrowheads) 
were noted. In transfected ce ll s, as has been shown in keratulOcytes cultured from subjects with ichthyosis vulgaris [19). keratohyalin granules were markedly 
reduced. However, in add ition, transfected cells were less well stratified (note only four cells layers are apparent in E), the number of ce lls with cornified cell 
envelopes was decreased, and intermed iate fi laments were strikingly reduced in both wface (D) and cross (E) sections. Bars, A and B, 50 J1m; D, 2 J1m; C and E, 
I J1m. 
The transfectant culture clearly showed expression of a 3.5-kb 
antisense mRNA. The antisense RNA was present throughout the 
time course, in contrast to the authentic profilaggr in mRNA. The 
sam e RNAs were hybridized with actin and glyceraldehyde-3-
phosphate dehydrogenase (G3PDH) probes. Both the actin and 
G3PDH mRNA showed an abrupt drop on the day of confluence; 
this drop was delayed 1 d in the transfectant culture. Together, the 
protein and RNA data indicate that antisense profil aggrin RNA 
significan tly delayed and decreased expression of profilaggrin pro-
tein with very little concommitant affect on profi laggrin mRNA in 
cultured rat keratinocytes. 
To confirm that the 3.5-kb RNA was the antisense RNA, strand-
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Figure 8. K1 and K10 appearance is delayed in cell line 4.9. Equal amounts 
of protein from extracts of control and transfected cells taken over the 
transition to confluence were separated on 4-15% gradient sodium 
dodecylsulfate - polyacrylamide gels. Proteins were blotted onto nitrocellu-
lose and reacted with monoclonal antibody AE2, which reacts with KI and 
KID. KI/KIO could be detected the day of confluence in controls, but 
appearance of the differentiation-specific keratins was delayed by 2 d in 
transfectan ts. 
specific probes were prepared and used to probe a Northern blot of 
pre- and post-confluent RNA from control and cell line 4.9 (Fig 6). 
The non-coding (antisense) probe hybridized strongly to the 27-kb 
profilaggrin mRNA from both cell lines taken after confluence, 
whereas RNA from subconfluent cells exhibited a very weak signal, 
as expected. In addition, non-specific hybridization to ribosomal 
RNA was seen. The coding (sense) strand probe detected a 3.5-kb 
RNA in pre- and post-confluent RNA of cell line 4.9 only and did 
not hybridize with RNA from the control cell line. These data 
confirm the nature of the 3.5-kb RNA and indicate that it was 
expressed constitutively through the transition to confluence in 
transfectant cell lines. 
Experiments revealed no effect of heavy metal ion (ZnCI2 ) on 
antisense expression, suggesting that the metallothionein promoter 
was constitutively active in these culture conditions. This can be 
explained by the Zn++ content of the medium (-44 ± 15 .uM) or 
Control 4.9 
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Figure 9. KI and KIO synthesis and expression are delayed and decreased in 
cell line 4.9. Control and transfected keratinocytes were pulse labeled with 
35S-methionine for I h on each of the days studied in Figure 3 and 5. 
Cytoskeletal extracts were prepared, and equal numbers of counts (10,000 
cpm) of samples were run on 4 - 15% gradient sodium dodecylsulfate-
polyerylamide gels and blotted to nitrocellulose. The dried blots were used 
to expose x-ray film. Blots were then rewetted and KI detected with AE3. 
Identical extracts were run and blotted with AEI to detect KID accumula-
tion. From the blots, K I and KID can be identified in the x-ray and synthesis 
(methionine incorporation) determined. Identities of keratin proteins are 
inferred from known patterns of expression and reactivity with AE I and 
AE3. Thus K5/14 were present in subconfluent cells. KI/KI0 and K6/K16 
appeared when the c!-1ltures stratified and differentiated [43] . The figure 
represents one of several such experiments employing both non transformed 
cells grown in standard medium and neomycin-resistant cells not containing 
antisense plasmid grown in G418-containing medium. 
ANTISENSE PROFlLAGGRIN RNA 123 
z 
W 10 ,000 
5 
0:: 
a. 
'" ~ 
W 
t-
::J 
Z 
~ 
0:: 
W 
a. 
~ 
Z 
::J 
o 
U 
1,000 
100L---~2------C~----~2--------~5----~7 
DAYS CO NFLU EN T 
Figure 10. The decrease in specific activity of total cytoskeletal protein 
seen at con.fluence in control cells is delayed in cell line 4.9. Specific activity 
of 35S-methionine -labeled cytoskeletal extract was calculated using the 
Bradford protein assay [29]. The specific activity of methionine-labeled total 
cytoskeletal protein decreased abruptly in conrrol cells on the day of con-
fluence. A similar decrease in transfectants was delayed by 2 or more days. 
Note that the ordinate scale is logarithmic. Closed circles, control keratino-
cytes; opm circles, transfected cell line 4.9. 
the hydrocortisone content of the medium (1.1 .um) (the metallo-
thionein promoter is induced by both Zn++ and hydrocortisone 
[39,40)). Constitutive expression of the metallothionein promoter 
has been reported in other transfected cell lines [41,42]. 
Other Markers of In Vitro Differentiation in Transfectant 
Cell Lines Because the results of the profilaggrin protein studies 
resembled findings in keratinocytes cultured from subjects with 
ichthyosis vulgaris, we went on to test the validity of transfected 
cells as an ill vitro model for ichthyosis vulgaris by studying other 
parameters of differentiation. To our surprise and in contrast to 
findings from keratinocytes cultured from subjects with ichthyosis 
vulgaris, we found that ultrastructural morphologic differentiation 
and expression of the differentiation-specific keratins Kl and KI0 
were also altered. 
Differentiation was evaluated at the light and electron micro-
scopic levels in cu ltured cells over the transition from subconfluence 
to confluence (Fig 7). Stratification, intermediate filament density 
and organization, cornified cell envelopes, and keratohyalin gran-
ules were evaluated along with overall cell morphology. Subcon-
fluent control cells were minimally stratified, connected by 
complete desmosomes, and contained a moderate amount of inter-
mediate filaments, abundant ribosomes, and RER. Subconfluent 
transfectants were morphologically indistinguishable from control 
cells (Fig 7 A,B). Two days after confluence control cells had strati-
fied to six to seven layers and contained abundant intermediate 
filaments; multiple, well formed keratohyalin granules and corni-
fied cell envelopes were present in the upper two to three layers of 
keratinocytes (Fig 7 C). The abundance of cytoplasmic ribosomes 
and RER was reduced relative to subconfluent cells. Transfected 
cells contained heterogeneous keratohyalin granules; this is the ex-
pected result and is seen in keratinocytes cultured from subjects with 
ichthyosis vulgaris [19]. However, in addition to changes in kerato-
hyalin, transfected cells were less well differentiated, contained 
fewer and diffusely organized intermediate filaments, and con-
tained scant cornified cell envelopes (Fig 7 D,E). The ultrastructural 
differences between control and transfected cells were maintained 
throughout the period studied (10 d post-confluence). 
Kl and KlO expression were studied by immunoblot analysis 
with monoclonal antibody AE2. Kl and KI0 were easily detected in 
control cells the day of confluence (Fig 8) . Appearance of Kl and 
KlO was delayed by 2 d in transfectants. Expression of other type I 
or II keratins was increased when that of Kl and K10 decreased. 
To estimate Kl and KI0 synthesis relative to protein accumula-
tion through the subconfluent/ confluent transition, control cells 
and the 4.9 cell line were pulse labeled with 35S-methionine for 1 h 
at various times over the transition from subconfluence to con-
124 HAYDOCK ET AL 
f1uence. Cytoskeletal extracts were prepared and analyzed in Figs 9 
and 10. Extracts containing an equal number of counts were ana-
lyzed in separate lanes ofSDS gels and transferred to nitrocellulose. 
It was notable that a higher protein loading was necessary for con-
fluent cultures in order to achieve equal 35S counts, indicating a 
lower level of 35S-methionine incorporation after confluence. La-
beled proteins were detected on the dried blots by autoradiography. 
The blots were then developed with monoclonal antikeratin anti-
bodies AEl and AE3. This technique is useful to assess synthesis of a 
particular protein: the autoradiograph, which reflects protein syn-
thesis, is directly comparable to the blot, in which specific keratins 
are identified by antibody reactivity and MW r. The technique is also 
useful to establish the overall level of cytoskeletal protein synthesis 
at the time of the methionine pulse, reflected by the amount of total 
protein detected in Coomassie-stained SDS gel lanes containing 
equal counts. Interpretation is based on the assumption that protein 
degradation is not a significant factor relative to the short (I -h) 
labeling period and that the methionine pool remains constant over 
the transition to confluence. 
Whereas the specific activity of most proteins was decreasing as 
the control cells entered confluence, synthesis ofKl and K10 was 
turned on (Fig 9, x-ray). Both K1 and K10 proteins were readily 
detectable at the time of confluence and persisted to the last time 
point (Fig 9, immunoblot), confirming the findings with AE2 (Fig 
8). In contrast, strain 4.9 exhibited little Kl and KIO synthesis. In 
4.9 K1 protein was barely detectable at the last time points and KIO 
was expressed at 5 - 7 d after confluence, even though the cells had a 
biosynthetic capability comparable to or greater than that of control 
cells. Thus synthesis and accumulation of K1 and K10 were both 
delayed and decreased in the transfectant. Accumulation of K6j16 
(determined by Western blot) was also delayed in cell line 4.9, 
although it was less pronounced than that of K1j10, whereas syn-
thesis of the K6j16 pair appeared to be the same in control and 
transfected cells (Fig 9, x-ray). 
Comparison of the autoradiograph and the stained gel indicates a 
rather precipitous drop in the specific activity of the proteins ex-
tracted from control cells at the time of confluence. This was con-
firmed in the calculated specific activities shown in Figure 10. In 
contrast, the specific activity in the transfectant cell line 4.9 re-
mained high until at least 2 d after confluence and did not reach the 
level seen in 2-d confluent control cells unti l 5 d after confluence. In 
both strains the specific activity of total cytoskeletal protein in post-
confluent cultures eventually dropped to -10% of the preconfluent 
levels. Despite the prolonged high biosynthetic rate of cytoskeletal 
proteins in transfectants, KI and KI0 synthesis was delayed and 
decreased. 
DISCUSSION 
In this report we describe the preparation of stable transfectant rat 
epidermal cell lines that produce an RNA antisense to the mRNA 
for the differentiation-specific protein profilaggrin. We have 
shown that profilaggrin protein expression is altered in cell lines 
carrying this antisense RNA, whereas profilaggrin mRNA expres-
sion is essentially unchanged. Additional unanticipated effects on 
differentiation were observed, including impaired morphologic dif-
ferentiation and reduced and delayed synthesis of the K IjKl 0 kera-
tin pair characteristic of suprabasal cells. 
The System Used for Study The rat keratinocyte cell line used 
in these experiments [13,21] is well suited to the study of epidermal 
differentiation, which can be followed as cells pass through the 
transition from subconfluence to confluence. Subconfluent rat ker-
atinocytes are minimally stratified and have basal cell-like charac-
teristics. At confluence the cells stratify, accumulate abundant inter-
mediate filaments and keratohyalin granules, and form cornified 
cell envelopes. Confluent and post-confluent cells express the dif-
ferentiation-specific keratin pair KljKlO, and profilaggrin protein 
is expressed and processed to fi laggrin. Thus the post-confluent rat 
keratinocytes manifest many of the characteristics of a normal strat-
ified epidermis. 
THE JOURNAL OF INVESTIGATIVE DERMATOLOGY 
Because of the repeating structure of the profilaggrin mRNA and 
gene, mu ltiple copies of the antisense RNA generated from the rat 
filaggrin cDNA can hybridize across the entirc length of the 27-kb 
profilaggrin mRNA, including the 3' untranslated region. Cotrans-
fection with a plasmid carrying a ncomycin resistance gene permit-
ted selection of a number of G418-resistant, stable transfectants. 
Controls, G418-resistant cell lines not carrying the antisense plas-
mid (e.g., cell line 200.3), were cultured in conditions identical to 
those of the antisense lines and used to rule out nonspecific effects of 
transfection and of culture in G418-containing medium. Nontrans-
fected cells were also used as controls. No differences between 
G418-resistant control cells containing no antisense filaggrin DNA 
and nontransfected cells were observed other than neomycin resist-
ance. 
The use of antisense technology for inhibition of gene expression 
is a powerful technique for determining the phenotypic response of 
cells to the inactivation of specific cellular proteins [22,23,44]. An 
antisense response may be mediated by oligodeoxynucleotides 
[45,46]' or in vivo-generated RNA [47-50]. Mechanistically, anti-
sense sequences Sllppress gene expression either by inhibiting trans-
port of mRNA to the cytoplasm [51], or by direct interference with 
translation, elongation, or termination [52]. Whereas sequences 
complementary to the 5' end of the mRN A were first reported to be 
the most efficient in terms of inhibition of expression, sequences 
complementary to the 3' coding and non-coding regions of creatine 
kinase [52] and ribosomal protein L1 [53] have also proved to be 
very efficient. 
Effects of Antisense Profilaggrin RNA on Profilaggrin 
Expression Inhibition of profilaggrin protein expression in tran-
fectants was demonstrated by Western blot, by immunofluores-
cence, and by electron microscopy. Time-course analysis indicated 
that profilaggrin expression was restored late in the time course of 
transfectant 4.9, precluding the possibility of direct gene inactiva-
tion by recombination with pFg.AS. 
Although profilaggrin protein appearance was significantly de-
layed and decreased for several days, profilaggrin mRNA appeared 
at the same time as in control. This is in distinct contrast to kerati-
nocytes cultured from subjects with ichthyosis vulgaris, where pro-
filaggrin mRNA is virtually undetectable in confluent cells. The 
increase in profilaggrin mRNA at confluence is even more impres-
sive in light of the associated decrease in mRNA for actin and 
G3PDH. Examination of the autoradiographs in Figures 5 and 6 
suggests that the overall level of profilaggrin mRNA in control and 
transfectant cells was about the same, indicating little effect either 
on mRNA transport or stability. The results suggest that the mean 
effect of the antisense RNA on profilaggrin expression was on 
translation or availability of the mRNA to the translation ma-
chinery. Similar effects of antisense RNA have been described for 
creatine kinase [52]. 
Restoration of profilaggrin protein expression late in the time 
course could be the result of continued transcription of the profilag-
grin gene and cytoplasmic accumulation of mRNA to threshold 
level, allowing detectable levels of translation product to accumu-
late. Alternatively, an unwindase activity, which would dissociate 
an mRNAjantisense RNA duplex [54], may accumulate. 
The presence of an antisense profilaggrin transcript was demon-
strated clearly with the use of strand-specific probes (Fig 6). The 
targeting of profilaggrin mRNA appears to be specific to the anti-
sense profilaggrin RNA by several criteria: 1) cell lines that were 
G418 resistant but lacked pFg.AS expressed profilaggrin in a normal 
manner; only cell lines carrying the antisense construct lacked pro-
filaggrin; 2) transfectant cells expressed an antisense RNA consist-
ent with the size predicted from the antisense plasmid map; 3) cell 
lines bearing even 1- 2 copies of the pFg.AS had reduced profilag-
grin expression. 
Effects of Antisense Profilaggrin RNA on Other Markers 
of Differentiation Unexpectedly, other differentiation markers 
were altered in transfected cells. Even though, like control cells, 4.9 
cells formed extensive cell -cell contacts and stratified at confluence, 
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stratification was somewhat impaired, intermediate filaments were 
sparse, cornified ce ll envelopes were less abu ndant, and the Kl /K 10 
kerat in pair did not appear until late after confluence. Transfectant 
and contro l cel l lines had equivalent amounts of total keratin sub-
units, but Kl/KI0 expression was decreased. Decreased/delayed 
Kl/KlO expression is apparently not a result of cross-hybridization 
of the antisense profilaggrin RNA with Kl/K10 RNA; comparison 
of the nucleotide sequence of pFg.AS fails to reveal significant ho-
mology with murine Kl or KI0 cod ing or noncoding regions (rat 
Kl and KI0 have not been sequenced, but there is significant inter-
species homology between the mouse and human proteins and rat 
keratins are expected to be similar). 
In normal cells, the onset of Kl and KI0 expression was accom-
panied by an abrupt decline in total cytoskeletal protein synthesis 
that occured at confluence, when proliferation decreased and differ-
entiation began. In contrast, transfectants showed a decrease in cy-
toskeletal protein synthesis and onset of K 1 /Kl 0 synthesis that was 
delayed by 2 or more d, suggesting an "uncoupling" of the switch 
from proliferation to differentiation seen at confluence. The de-
crease in actin and G3PDH mRNA at confluence (Fig 5) parallels 
the decreased labeling of total cytoskeletal protein; this delay seen in 
transfectants goes along w ith the more prolonged delay in the de-
crease in cytoskeleta l protein label ing. That the effects of antisense · 
profilaggrin RNA are specific to profilaggrin and Kl/KI0 is shown 
by the lack of effect on synthesis of keratin pairs 5 and 14 and 6 and 
16 (Fig 9, x-ray) . Effects of antisense filaggrin RNA on Kl/KI0 
expression were observed in other transfected cell lines. There was 
some indication that, as opposed to the effect on profilaggrin ex-
pression, effect on Kl/KI0 expression was dependent on the num-
ber of antisense copies per cell. The delay and decrease in appearance 
of profi laggrin protcin and K 1 /K 10 appearance and synthesis can-
not reflect error in determination of confl uence; cell line 4.9 
reached confluence 12 - 24 h before control cells, so, if anything, 
one wou ld predict biosynthetic changes in these cel ls to preceed 
control cells, rather than follow. Control and transfectants con-
tained approximately equal amounts of protein/culture dish and 
stained gels of extracts showed no obvious differences in proteins 
other than Kl/KlO (Fig 9, gel), so the differences associated with 
transfection are unlikely to reflect genera l and nonspecific meta-
bolic abnormalities in transfected cell s. 
Thus, antisense profilaggrin RNA resulted in poor morphologic 
differentiation and a delay of expression of differentiation-specific 
kerati ns. Possible explanations for the observed effects include the 
following: 
1. A non-specific effect of antisense RNA or double-stranded 
RNA (cellular RNA hybridized to antisense RNA) cannot be ruled 
out by these studies. However, a truly non-specific effect should 
affect cell metabolism globally; this was not observed. Formation of 
desmosomes, overall protein expression, and synthesis of the K5/14 
and K6/16 pairs were unaffected. The issue could be addressed by 
introducing plasmids that produce an irrelevant antisense transcript, 
e.g., globin . Such an undertaking is beyond the limits of the present 
study. 
2. Although two open reading frames are predicted from the 
noncoding strand of the profilaggrin cD NA, a search of the PIR 30 
and Swiss-Prot 20 databases revealed no significant homology to 
any known protein. Nonetheless, a polypeptide synthesized from 
the antisense transcripts that inhibits differentiation cannot be ruled 
out completely. One way to do so would be to introduce an early 
te rmi nation codon into the antisense transcript. 
3. Antisense profilaggrin RNA might produce effects in trans-
fected cells by cross-hybridization with ribosomal RNA (see Fig 6) . 
This is unlikely, as antisense RNA was expressed in both subcon-
fluent and confluent cells; thus, the changes associated with con-
fluence cou ld not be explained. 
4. Antisense profilaggrin RNA may cross-hybridize with 
mRNAs cod ing for differentiation-specific factors (see [55] for re-
view). A number of regulatory proteins are likely to be involved in 
epidermal differentiation. Southern blot analysis of rat genomic 
DNA probed with the l200-bp rat profilaggrin cD NA fragment 
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[24] under relatively non-stringent conditions did not support sig-
nificant cross-hybrid ization with other cellular genes; however, 
such analysis does not eliminate the possibiliry that the nucleus may 
provide permissive conditions for spurious hybridization events. 
5. Profilaggrin protein or a proteolytic portion of it may influence 
or stimulate further differentiation by a feedback mechanism. For 
example, the carboxyl-terminal propeptide of al collagen feeds 
back on type I al procollagen gene transcription [56]. Such a feed-
back mechanism offers a teleologic explanation for the variant 5' 
and 3' peptides coded for by the profilaggrin gene [7,24,57]. 
6. Profilaggrin mRNA may be made in very low levels in the 
lower cell layers of the epidermis. This low-level expression might 
influence expression of other markers for differentiation, such as 
K1/KlO, which preceed the eventual high level of profi laggrin 
expression seen in the granular cell layer. Interaction of antisense 
RNA with low levels of profilaggrin mRNA in subconfluent cells 
would then interfere with expression of other normal differentia-
tion functions. One might predict that if such low-level expression 
occurred it would be seen in subconfluent cultures. RNase protec-
tion assays reveal almost no detectable levels of such a transcript in 
subconfluent human keratinocytes. * 
Instead of producing the ichthyosis vulgaris phenotype, our orig-
inal goal, we have shown that antisense profilaggrin RNA in a rat 
keratinocyte cell line specifically inhibited profilaggrin protein ex-
pression while leaving profilaggrin mRNA expression relatively 
unchanged. In addition, ultrastructural markers for epidermal dif-
ferentiation besides keratohyalin granules were altered and the ex-
pression of differentiation-specific keratins was delayed and de-
creased. N evertheless, other properties that are associated with 
normal cellular metabolism, such as desmosome formation and K5/ 
14 expression, seem to be unaffected. Our results suggest that profi-
laggrin protein expression, along with expression of other bio-
chemical markers of the late stages of epidermal differentiation, are 
regulated within a specific pathway, and that this pathway is distinct 
from events governing the establishment of a stratified epidermal 
structure. It is possible that stratification provides a permissive envi-
ronment for proper expression of various proteins within the correct 
cel l types. Use of the antisense technology may provide further 
clues to the complex nature of epidermal differentiation and the 
interrelationship of variolls markers of this process. 
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